Common solvent used in coal liquefaction, namely tetralin, involves very high costs and thus is less likely to be used. A previous study of Mukah Balingian coal liquefaction showed that tetralin-glycerol solvent system with ratio of 70:30 (v/v) provides the highest coal conversion. In this study, the liquefaction process was carried out using this solvent system. The study aimed to determine the effect of liquefaction temperature and reaction time on coal conversion and percentage of product yield. The experimental work was conducted in a 300ml batchwise reactor system at a temperature of 380-400°C with isothermal reaction times ranging from 15 to 45 min. The reaction pressure was about 4MPa N2, and the solvent-to-coal weight ratio was 10:1. Coal liquefaction conversion to tetrahydrofuran soluble products and percent of product yields were determined and the results were tabulated. Based on the results obtained, conversion of coal increases as the temperature and reaction time being increased with the highest value of 78.55% conversion obtained at 400°C and 45 min reaction time. Increasing temperature also has a significant effect on the percentage of product yield with a higher molecular weight product being produced. Being a temperature sensitive solvent system, increasing reaction time poses different effects on the percentage of product yield for different temperatures used.
Introduction
Coal is a hydrocarbon like petroleum that exist in solid form because of its greater molecular weight and lower H/C ratio. It is categorised into different rank from low rank to high rank namely lignite, sub-bituminous, bituminous and anthracite [1] . The low rank coal such as lignite has low carbon content, high oxygen content with less heating value with comparison to higher rank coals such as bituminous and anthracite. However, low rank coals have a plolymeric-lignin based structure which makes them more preferable to be utilized for liquefaction [2] .
Coal liquefaction is a process of extracting liquid fuel from coal at high temperature and high pressure with the aid of hydrogen donor solvent. A hydrogen donor solvent is favoured for this process, as thermal decomposition of coal producing free radicals which needs to be stabilized. By using appropriate hydrogen donor solvent, these radicals can be stabilized by abstracting hydrogen from the solvent and can further inhibits recombination within radicals [3] . Tetralin, a hydrogen donor solvent practically used to liquefy coal due to its excellent hydrogen donor ability [4] , however introducing high cost to the process. Researchers have studied alternative solvents such as toluene, ethanol as well as toluene-ethanol, toluene-tetralin, ethanol-tetralin solvent mixtures [5] , wash-oil from coal tar and cycle oil from coal liquefaction [6] in order to seek potential solvent to replace the expensive tetralin.
Apart from solvent, temperature is another factor that affects coal liquefaction process. As coal contains complex chemical structure, an elevated temperature is necessary to aid cracking of coal molecules by thermally rupturing carbon-carbon linkages within coal macromolecular structure [7] . On one hand, high temperature able to break more bonds within coal matrix, thus promotes higher conversion and with usage of an excellent hydrogen donor solvent, more lower molecular weight compound can be obtained. Too high temperature on the other hand favours undesirable coking reactions, such as repolymerization and recombination within radicals, thus increasing solid residue content [7, 8] . This implies how temperature can also affects free radical formation and the subsequent free radical reactions. Therefore, using a suitable reaction temperature is a vital key in obtaining high conversion and oil+gas yield.
Reaction time is also a parameter often being studied in coal liquefaction process. Usual reaction time used are from 0 minute up to few hours. Generally, increasing reaction time causing a decrease in pre-asphaltene content and increasing oil with asphaltene yield. Prolonged reaction time however has no significant effect on conversion and promotes gas formation thus lowering oil yield [8] [9] [10] .
Previous study on liquefaction of Mukah Balingian low rank coal has utilized tetralin [8] as well as mixed tetralin-supercritical water [10] as liquefaction medium. The results showed that a high coal conversion and oil+gas yield were achieved using the mixed solvent, though the yield was slightly lower than that of tetralin. Another study on liquefaction of this coal using alternative solvent which is tetralin-glycerol has been performed and the suitable tetralin-glycerol ratio of 70:30 (% v/v) has been obtained [11] . Following this earlier work, extended work need to be carried out to further understand the characteristics of this co-solvent system. This present work examines the effect of different temperature and reaction time used in Mukah Balingian coal liquefaction process using tetralin-glycerol co-solvent system on coal conversion and products yield.
Methodology

Coal sample analyses
Low-rank coal used in this study was Mukah Balingian (MB) Malaysian coal. The coal was pulverised to less than 212 μm and dried in a vacuum oven at 100°C overnight to remove inherent moisture. Table 1 shows the characteristics of MB coal. 
Liquefaction experiment and product separation
The liquefaction experiments were carried out in a 300ml batchwise reactor system. In each run, 10g of dried coal with 100mL of tetralin-glycerol co-solvent system in 70:30 (v/v) were charged in the vessel with steel ball added. Figure 1 shows schematic diagram of reactor system used in this study. The temperature and pressure used were 380-400°C and at 4MPa, respectively. Liquefaction experiment started with leak-check test, followed by introducing nitrogen into the system and heated to desired temperature. After certain reaction time at desired condition, the reactor vessel was rapidly cooled to room temperature in an ice bath. The reactor vessel was depressurised to ambient pressure, and the coal extract was washed with tetrahydrofuran (THF) and filtered to obtain coal liquefaction residue (CLR) and crude tar. The crude tar was then separated into oil (hexane-soluble), asphaltene (toluene-soluble) and preasphaltene (THF soluble) by sequential Soxhlet extraction method. Coal liquefaction residue collected after filtration of coal extracts was dried overnight in vacuum oven at 100°C. The mass of oil+gas products were calculated by subtracting the total mass of asphaltene, pre asphaltene and residue from mass of original coal being subjected to liquefaction. The contribution from the gas is considered minimal, since the reaction was carried out at temperature of less than 450 o C.
Results and discussion
Process aspects of coal liquefaction and derivatives
Generally, coal liquefaction considered important due to petroleum decline reserves as this process can convert coal to vehicle fuels such as diesel and gasoline. Coal can be converted into liquid fuels by indirect liquefaction process through catalytic conversion of syngas from gasification into clean hydrocarbons and oxygenated transportation fuels. Coal also can be liquefied directly through direct liquefaction to obtain liquid fuels at temperature around 400-450°C under nitrogen or hydrogen pressure in a suitable solvent [7] . In this study, coal is being liquefied through direct liquefaction process as the temperature used is below 450°C in a batchwise reactor system.
In coal liquefaction process, coal slurry is prepared by mixing pulverized coal with solvent. The mixture then subjected to reactor in which hydrogen or nitrogen pressure being introduced. As slurry being heated until the whole process completed, reaction mechanism occurs. Reaction mechanism of coal liquefaction consists of three steps [12] . In the first step, smaller molecules within the structure in coal slurry is extracted by heated solvent, releasing some gases and water. Free radicals forming due to breaking of some weaker bonds then stabilized by hydrogen atoms from donor solvents and/or hydrogen gas. In the second step, a rapid chain reaction occurs in which covalent bonds of coal structure being attacked by the radicals causing formation of some asphaltenes. In the third step, more liquids and gases are formed as hydrogenation of asphaltene takes place. In coal liquefaction process, the second step should be controlled to avoid integration of radicals, while the third step should be accelerated to increase coal conversion and the oil yield. 
Effect of temperature and reaction time on conversion and product yield
Coal liquefaction using tetralin-glycerol solvent system with ratio of 70:30 (v/v) at different temperature and reaction time was successfully carried out in a batchwise reactor system. Temperatures at 380ºC and 400ºC were chosen because they were within the range where mild thermal cracking of cross-linked polymerized coal structure occurred leading to formation of extractable pyrolysis products that dissolve in the near-or supercritical solvent. It is also known that coal begin to soften at around 375ºC [13] , implying temperature used in this study is in the region where softening of coal has occurred. Table 2 summarizes liquefaction properties of Mukah Balingian coal at different temperature and reaction time. It can be observed from Table 2 that for temperature of 380°C, 66.75% of conversion is observed in a 15 min reaction. As the reaction time was increased to 30 min, 71.12% conversion and 39.21% oil+gas yield were achieved. When the reaction time increased to 45 min, conversion is slightly increased by 2% with increasing oil+gas yield and asphaltene while decreasing pre-asphaltene yield. On the basis of these results, it is apparent that conversion of coal to THF soluble is relatively fast. Huang and Schobert [14] also observed the similar trend in their study in liquefaction of low rank coals. In their study, fairly high conversion was found to be obtained within 10 min. Similarly to this present study, conversion of asphaltenes or pre-asphaltene to oil+gas are found to be slower and appear to require longer reaction time which explains the trend in as oil+gas yield increased as reaction time being increased.
Temperature of 400°C seems to have similar trend for liquefaction results as that of 380°C. With an increase in temperature, the conversion also increase as 75.37% of the coal converted in a 15 min reaction time. Additional reaction time was found to increase conversion, yet there is almost no significant effect between the one with 30 min and 45 min reaction time, in which percentage of converted coal to THF-solubles are 78.05% and 78.55%, respectively. Additionally, it was also found that at this temperature, percentages of oil+gas yield obtained were almost similar despite an increasing reaction time being applied to the process. Asphaltene and pre-asphaltene were found to be produced at higher amount too. A review by Banga and Varshney [15] on glycerol has stated that applying heat to glycerol can degrade the compound, forming diols or acids byproducts which can catalyze polymerization. In this study, byproducts obtained upon glycerol heating favours polymerization thus promotes formation of higher molecular weight asphaltene and pre-asphaltene instead of lower molecular weight oil+gas product. As compared to 380°C, polymerization at 400°C is at higher rate as high temperature supplied causing number of free radicals formed at high speed. On one hand, hydrogen from tetralin will cap the free radicals to form low molecular weight compound. The glycerol byproducts on the other hand favours polymerization. It was suspected that these diols or acids causing recombination within the compounds and causing an increment in percentage of asphaltene and pre-asphaltene. With prolonged reaction time, this allows more time for recombination reaction to occur, thus lowering lower molecular weight percent yield. Based on these results obtained, it was clearly found that at lower liquefaction temperature of 380°C, retrogressive reactions in this co-solvent system are negligible. It was suspected that direct route of mechanism in coal liquefaction occurs at this temperature in which coal constituents being extracted and mild thermal cracking of cross-link polymerized coal structure takes place [13] .
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Due to this, formation of pre-asphaltene and asphaltene found to decrease while oil+gas yield increased as an increment in reaction time being applied.
With the liquefaction temperature increased to 400°C, retrogressive reaction began to take place markedly. At this temperature, higher production of free radicals due to endothermic reaction of pyrolysis occurs and they cannot be stabilized by hydrogenation in time due to limited hydrogen donating ability of this co-solvent system. As a result, they regressively recombine to form polymeric products. Table 2 shows that for liquefaction at 400°C, regressive transformation of oil+gas asphaltene might have occurred. In addition, the by-products from glycerol heating which catalyzes polymerization also contributes to this unfavourable transformation. This explains the reason why as reaction time being increased, this regressive transformation becomes predominant at this liquefaction temperature.
Conclusion
This study reveals the characteristics of tetralin-glycerol co-solvent system in coal liquefaction process by studying the effects of temperature and reaction time on conversion and percent of products yield. Generally, this solvent system was found to be temperature sensitive as different temperature used caused different trend in percent of products yield obtained as reaction time being increased. Although coal conversion was found to increase as temperature increased, glycerol degradation upon heating had asked for careful consideration for temperature usage in liquefaction process with this type of co-solvent system.
